Abstract. We describe a new genus and species of troglomorphic scorpion from Ledge Cave, Barrow Island, off the north-western coast of Western Australia. This troglobite scorpion was initially difficult to place within the superfamily Scorpionoidea Latreille on account of its unusual morphology. Based on cladistic analysis, we demonstrate that this scorpion is phylogenetically most closely related to the endemic Australian genus Urodacus Peters (Urodacidae Pocock). The new taxon, named Aops oncodactylus, gen. et sp. nov., is the first troglobitic urodacid and the first troglobitic scorpion recorded from continental Australia. In light of this discovery, we re-assess the known diversity of troglobitic scorpions and the troglomorphic adaptations (troglomorphies) of cavernicolous scorpions. A distinction is recognised between the exclusive occurrence in cavernicolous habitats and the presence of troglomorphies, which are exhibited by some endogean (humicolous) scorpions. The definition of troglobitic scorpions is limited to species that are both restricted to cavernicolous habitats and exhibit pronounced troglomorphies. Only 20 scorpion species meet both criteria and are considered unequivocally troglobitic according to this definition.
Introduction
Troglobitic scorpions are rarely encountered. The first species was described in the late 1960s (Mitchell 1968) and, in the past 20 years, only seven unequivocally troglobitic species have been added to the previous world total of 13 (Lourenço and Francke 1985) , not all of which are unequivocally troglobitic (Table 1) . Although fewer troglobitic scorpion species have been discovered in recent years, the number of scorpion families containing troglobitic species has increased, and recent contributions (Volschenk et al. 2001; Vignoli and Kovařík 2003; Levy 2007) added three families to the list of those with troglobitic representatives. A fourth family is added in the present contribution.
During a biotic survey of subterranean environments on Barrow Island (Humphreys 2001) , off the north-western coast of Western Australia (Fig. 1 ), a single, juvenile specimen of a new scorpion species, exhibiting remarkable levels of troglomorphism, including complete absence of ocelli and pigmentation, as well as attenuation of the legs and pedipalps (Figs 2, 3) , was discovered in Ledge Cave. Although immediately recognisable as a member of the largely Gondwanan superfamily Scorpionoidea Latreille, the troglobite could not, initially, be assigned unequivocally to a family or genus on account of the absence of several crucial character systems (especially ocelli, carapacial sutures, metasomal carinae, shape and setation of the tarsi, and hemispermatophore).
Several characters suggested that the new species was phylogenetically most closely related to two scorpionoid genera, Urodacus Peters (Urodacidae Pocock), comprising 20 described species endemic to Australia (Koch 1977; Fet 2000; Volschenk et al. 2000) , and Heteroscorpion Kraepelin (Heteroscorpionidae Kraepelin), comprising five species endemic to Madagascar (Lourenço 1996; , 2004 , 2006 Lourenço et al. 2003) . For example, the pedipalp chela fingers exhibit more than two primary rows of denticles, accessory trichobothria are present in the e and v series of the pedipalp patella, and the V series of the pedipalp chela, trichobothrium db is located dorsally on the fixed finger of the pedipalp chela, and trichobothria Db, Dt, and Est are respectively located externally, proximally, and distally on the chela manus (Prendini 2000) . Besides its geographical origin, additional characters (e.g. the presence of accessory trichobothria in the E series of the chela manus), suggested a closer relationship to Urodacus than to Heteroscorpion. The troglobite lacked several putative synapomorphies of both genera, e.g. two pairs of lateral ocelli and a single ventromedian carina on metasomal segments I-IV (Prendini 2000) , which might shed light on its phylogenetic relationship with Urodacus and Heteroscorpion and, in turn, on the respective phylogenetic positions of these genera, a subject of increasing contention (Stockwell 1989 ; Species for which specimens were examined during the present study (refer to Appendix 1 for material examined).
B
The holotype was collected under a stone inside a gorge, 50 m deep; the biotope was characterised as dark and extremely humid.
C
Presence assumed based on presence of median ocular tubercle.
D
The holotype is an early instar juvenile specimen, hence the absence of pigmentation could be the juvenile state as observed in most other diplocentrids.
E
The habitat is described as the 'dark zone' of a vertical 'cave'~1.2 m in diameter and only 5 m deep. The dark zone of all other caves is significantly deeper than 5 m, but given the karstic environment that it was discovered in, there is a chance it may be a troglobite.
References : 1, Levy (2007); 2, Lourenço (1981); 3, Lourenço, Baptista and Giupponi (2004); 4, Fage (1946); 5, Lourenço (2000); 6, Vignoli and Kovařík (2003); 7, Pocock (1894); 8, Kovařík (2000); 9, Pocock (1893); 10, Lourenço and Francke (1985); 11, Lourenço (1995); 12, Armas and Palacios-Vargas (2002); 13, Francke (1977); 14, Francke (1978); 15, Beutelspacher and López-Forment (1991); 16, Armas (2001); 17, Francke (1981); 18, Soleglad and Sissom (2001); 19, Humphreys (2001); 20, Volschenk et al. (2001); 21, Francke (1982); 22, Mitchell (1971); 23, Reddell and Mitchell (1971); 24, Mitchell and Peck (1977); 25, Francke (1986); 26, Sissom and Cokendolpher (1998); 27, Sissom (1988); 28, Mitchell (1968); 29, Simon (1879); 30, Vachon (1945); 31, Auber (1959); 32, Present contribution; 33, Francke and Savary (2006); 34, Gertsch and Soleglad (1972); 35, Soleglad and Fet (2005); 36, Sissom (1986) . Prendini 2000; Soleglad and Sissom 2001; Soleglad and Fet 2003b; Coddington et al. 2004; Prendini and Wheeler 2005; Lourenço and Goodman 2006) . In the present contribution, we describe the new troglobite, Aops oncodactylus, gen. et sp. nov., and present a cladistic analysis that confirms its phylogenetic placement as a basal urodacid (Figs 4-7) . The holotype of A. oncodactylus was collected from a cave that is logistically difficult to sample: the chamber in which the specimen was found can only be accessed after diving through a submerged passage (W. F. Humphreys personal communication). It is therefore unlikely that more specimens will be collected in the near future. Despite the fact that Barrow Island possesses biologically rich caves, harbouring numerous endemic taxa, it has been exploited for oil for over thirty years (Humphreys 2001) . Additional exploitation for natural gas is under development. The commercial threats facing Barrow Island lend a measure of urgency to the need to describe its biota and, together with the low probability that additional specimens of this (probably endemic) troglobitic scorpion will be collected in the near future, and its unique character combination, which differs from all other Australian scorpions, compelled us to describe it on the basis of a single juvenile specimen, something we would not normally consider.
We create a new genus for this species, despite acknowledging the limitations of monotypic genera (Platnick 1976) , owing to its basal phylogenetic placement and the fact that it lacks many of the diagnostic character states of Urodacus. We are confident in the basal position of this species because our analysis included a range of Urodacus exemplars, representing the somatic morphological diversity in that genus, and exemplars of all remaining scorpionoid families as outgroup taxa. The acquisition of additional specimens, especially adult males, of Aops would provide additional data with which to test its position with respect to other scorpionoid genera, by permitting examination of adult carination and granulation (typically more pronounced in male scorpionoids than in females and juveniles), as well as the hemispermatophore, which includes several synapomorphies for Urodacus (Koch 1977 ). An additional, independent test of its position would be achieved by the analysis of DNA sequences, obviating the inapplicable states introduced into the morphological character matrix by its troglomorphic habitus.
No urodacid species have previously been recorded from caves. Most of the described Urodacus species are fossorial and occur in arid to semi-arid habitats west of the Great Dividing Range (in eastern Australia). Some species, however, e.g. U. manicatus (Thorell) in south-eastern Australia and U. planimanus Pocock in south-western Australia, inhabit mesic forests (L. E. Koch 1977) . At least one species, U. planimanus, is lithophilous, exhibiting ecomorphological adaptations to this habitat, e.g. dorsoventrally compressed pedipalps and metasoma (Prendini 2001a) . Lithophily is probably a precursor to troglophily. The four species of Heteroscorpion are also lithophilous (Lourenço 1996; , 2004 , 2006 Lourenço et al. 2003) .
As the first troglobitic urodacid and the first troglobitic scorpion recorded from continental Australia, A. oncodactylus is an important addition to the global troglobitic scorpion fauna, which prompted us to summarise the known global diversity of troglobitic scorpions, to re-examine the troglomorphic adaptations (troglomorphies) of cavernicolous scorpions, and to recognise a distinction between the exclusive occurrence in cavernicolous habitats and the presence of troglomorphies, which are also exhibited by some endogean scorpions.
Materials and methods

Material examined, photography and terminology
The holotype of the new species is deposited in the Western Australian Museum (WAM). Other material examined to determine its phylogenetic placement and to study troglomorphism is listed in Appendix 1.
Habitus photographs of the holotype were taken under longwave ultraviolet light using a Microptics ML-1000 digital imaging system (Microptics, Palmyra, VA, USA), illustrations produced using a Leica MZ6 stereo dissection microscope (Leica Microsystems, Wetzlar, Germany), fitted with a drawing tube, and a distribution map plotted with ArcView GIS Version 8.3 (ESRI, Redlands, CA, USA). Figures were subsequently prepared using CorelDraw Version 10. Measurements were taken using the ocular micrometer of a Wild M5 stereomicroscope (Wild, Heerbrugg, Switzerland).
The species description was produced with the assistance of Delta Version 1.04 (CSIRO 2000) . Morphological terminology largely follows Vachon (1952) , except for trichobothria, following Vachon (1967 Vachon ( , 1974 , segmentation of appendages, following Couzijn (1976) and Sissom (1990) , carinae following Prendini (2000) , and sternum following Soleglad and Fet (2003a) . The new species was categorised according to its conservation priority. Prevailing threats to the future survival of the species were considered in recommending its assignment to an IUCN Red List Category (IUCN 2001 ).
Taxon sampling
The cladistic analysis presented here is based on fifteen terminal taxa ( Table 2 ). The morphological data matrix combines characters and taxa from previous matrices for relationships among the families and genera of Scorpionoidea (Prendini 2000 (Prendini , 2003 Prendini et al. 2003) , to which the new taxon and six species of Urodacus were added to test its phylogenetic placement. The sample of Urodacus species included in the analysis represents a wide range of morphological diversity within the genus, including lithophilous (U. planimanus) psammophilous (U. varians Glauert, U. yaschenkoi (Birula)) and pelophilous (U. manicatus) ecomorphotypes, thereby providing a strong test of monophyly for Urodacus, and for the relationship between its component species and the new taxon (Prendini 2000 (Prendini , 2001b .
In order to confirm that the new taxon described in this paper is a urodacid, a single exemplar species for each of the other scorpionoid families was also included. Nebo hierichonticus (Simon) (Prendini 2000 (Prendini , 2003 , and thus more representative of the ancestral condition for their respective families (Prendini 2001b) .
Trees were rooted using the outgroup method (Watrous and Wheeler 1981; Farris 1982; Nixon and Carpenter 1993) . Lisposoma josehermana was selected as the primary outgroup for the analysis based on prior evidence that Bothriuridae are the sister-group of Scorpionoidea s. str. (Stockwell 1989; Prendini 2000 Prendini , 2003 . This taxon was chosen in favour of Brandbergia Prendini, the most basal bothriurid (Prendini 2003) , because it is known from both sexes (the male of Brandbergia is unknown), thus reducing the number of missing entries in the analysis.
Characters
Forty-nine of the 56 characters scored in the fifteen taxa (Table 2, Appendix 2) were included in previous analyses of scorpionoid relationships (Prendini 2000 (Prendini , 2003 Prendini et al. 2003) . Eight of these (characters 2, 15, 20, 27, 33, 36, 44, 47) , pertinent to urodacid relationships but uninformative in the present context, have been retained in the matrix on the grounds that they contribute to its completeness and future utility, e.g. in diagnostic keys (Yeates 1992) , although they were excluded from all analyses. The present analyses are thus based on 48 characters. Nine of these (characters 13, 36, 37, 38, 41, 49, 50, 56) contain missing entries for the new taxon due to the fact that the adults are unknown (hence characters of the male genitalia and secondary sexual dimorphism could not be scored) and the biology is unknown. Character 2 is polymorphic.
Thirty-seven of the informative characters are binary and eleven are multistate (Appendix 2). All multistate characters were treated as unordered, i.e. non-additive (Fitch 1971) , defended by invoking the principle of indifference, which asserts that if there is no apparent reason for considering one event to be more probable than its alternatives, then all should be considered equiprobable (Wilkinson 1992) .
Twelve of these characters (1, 12, 14, 15, 26, 27, 28, 29, 30, 41, 42, 48) were variously criticised by Soleglad and Fet (2003b) , Fet et al. (2005) and . Prendini and Wheeler (2005) responded to these and other criticisms, presented a detailed critique of the work of Soleglad, Fet and coauthors, and concluded that there is no justification for accepting either the criticisms or the results of analyses by these authors. We follow the views of Prendini and Wheeler (2005) .
Cladistic analysis
Character data were edited and cladograms prepared using WinClada, version 1.00.08 (Nixon 2002) . The eight uninformative characters noted above were excluded from all analyses. Tree statistics are calculated from phylogenetically informative characters only (Bryant 1995) .
Characters were not weighted a priori. Analyses with equal weighting were conducted using the 'parsimony ratchet' (Nixon 1999) in NONA version 2.0 (Goloboff 1997a) , according to the following command sequence: nix = 50; hold/3; nix [10; nix-10 50 20 ; preceded by hold10000; hold/100; mult*100; and followed by max*;. The 'strength' or 'factor' of the ratchet (i.e. the proportion of characters reweighted) was set to 50% (command nix = 50;). Fifty initial iterations of the ratchet (command nix 50;) were conducted. SPR branch-swapping was applied in the first ten iterations, followed by TBR branch-swapping in the remaining 40 (command nix-10;) . Three starting trees were held in memory at each iteration (command hold/3;) and, every 10 iterations, one of the best trees located at that stage in the search was randomly selected for continued swapping (command nix [10; ). When the 50 initial iterations were completed, a further 20 iterations were conducted (command nix 50 20;).
Implied character weighting (Goloboff 1993 (Goloboff , 1995 was conducted to assess the effects of weighting against homoplasious characters, and the resultant topologies compared with those obtained by analysis with equal weighting. In varying the weighting regime applied to the data, we provide a 'sensitivity analysis' (Wheeler 1995) , i.e. an assessment of the relative robustness of clades to different analytical parameters, in this case, method and intensity of character weighting (see Prendini 2000 Prendini , 2004 Prendini et al. 2003) . If a group is monophyletic only under a very specific combination of parameters, less confidence may be placed in the supposition that the data robustly support its monophyly than may be placed in a group that is monophyletic under a wider range and combination of parameters.
Pee-Wee version 3.0 (Goloboff 1997b) was used for analyses with implied weighting, applying the command sequence: hold10000; hold/10; mult*100; (hold 10 000 trees in memory; hold ten starting trees in memory; perform tree-bisectionreconnection (TBR) branch-swapping on 100 random addition replicates). Additional swapping on up to 1000 trees that are up to 5% longer than the shortest trees (command jump 50;) was performed to help the swapper move between multiple local (Table 3) . 4, 5, Two most parsimonious trees (MPTs) retrieved only by the analysis with equal weighting (Table 3) . 6, Single MPT retrieved by analyses with equal weighting (one of three MPTs) and implied weighting with K = 1-6 (Table 3) . (Table  2 ) under weighting regimes that maximised fit and minimised length. This topology was retrieved by analyses with equal weighting (one of three most parsimonious trees (MPTs)) and implied weighting with K = 1-6 (Table 3 ). This topology corresponds to the majority rule (>50%) consensus of MPTs obtained by the seven analyses in which weighting regime was varied. Two nodes retrieved in 77% and 88% of the analyses (collapsed in the strict consensus) are indicated. Synapomorphies optimised with ACCTRAN are indicated with bars. Solid bars indicate uniquely derived apomorphic states, whereas empty bars indicate parallel derivations of apomorphic states. The number above each bar gives the character number. Refer to Appendix 2 for character descriptions.
optima ('islands' sensu Maddison 1991) . Finally, trees found with this command were again swapped with TBR, using the command max*; to retain only optimal trees. Analyses with implied weighting investigated the use of six values for the concavity constant, K, spanning the input range permitted by PeeWee (command: conc N;). As in previous studies by the second author, results of the sensitivity analyses are summarised by means of 50% majority rule (Margush and McMorris 1981) or 50% compromise (Nixon and Carpenter 1996) consensus trees. Nodes that appear in the majority rule trees but are collapsed in the strict consensus trees were obtained under the majority of weighting regimes, hence more confidence may be placed in the supposition that they are robustly supported by the data than in the alternatives that were retrieved only under specific weighting regimes.
Results
Analysis of the 48 informative characters located three most parsimonious trees (MPTs) with equal weighting (Table 3 ; . The topology of these MPTs differed only in the relative placements of A. oncodactylus, U. novaehollandiae and U. yaschenkoi. Aops grouped sister to Heteroscorpion in two of the trees (Figs 4, 5) , and sister to Urodacus in the third (Fig. 6) . Urodacus novaehollandiae grouped sister to U. macrurus in one tree (Fig. 4) , and sister to a group comprising U. macrurus, U. manicatus and U. planimanus in the other two (Figs 5, 6) . Urodacus yaschenkoi grouped sister to a group comprising U. novaehollandiae, U. macrurus, U. manicatus and U. planimanus in one tree (Fig. 4) , and sister to a group comprising U. varians, U. mckenziei and U. megamastigus in the other two (Figs 5, 6) .
Analyses with implied weighting applying six K values located a single MPT with the same topology as one of the three MPTs obtained by the analyses with equal weighting (Table 3 ; Fig. 6 ). This topology, obtained by the majority of analyses under weighting regimes that minimised length as well as those that maximised fit (Table 3) , is regarded as the optimal hypothesis. Synapomorphies are indicated on this topology in Fig. 7 , which also provides the frequency percentiles for nodes retrieved by >50% but <100% of the analyses (nodes retrieved by <100% obviously collapsed in the strict consensus). The length, fit (f i ), consistency indices, and retention indices of informative characters on this topology are listed in Table 4 .
All MPTs retrieved in the present analyses were congruent with those obtained in Prendini's (2000 Prendini's ( , 2003 previous analyses of relationships among the families and genera of Scorpionoidea s. str., a monophyletic group comprising the katoikogenic scorpionoid families (Diplocentridae, Hemiscorpiidae, Heteroscorpionidae, Liochelidae, Scorpionidae and Urodacidae) and excluding Bothriuridae. All analyses confirmed the following relationships among the katoikogenic families on the basis of the placements of their respective exemplars: ((Heteroscorpionidae + Urodacidae) ((Hemiscorpiidae + Liochelidae) (Diplocentridae + Scorpionidae))). All analyses retrieved a monophyletic Urodacus, while the majority of analyses, under a range of weighting functions, retrieved a monophyletic Urodacidae, placing Aops as the sistergroup of Urodacus.
The relative positions of Heteroscorpionidae and Urodacidae have been contentious since Prendini (2000) first proposed a sister-group relationship for the families (Soleglad and Sissom 2001; Prendini 2003; Soleglad and Fet 2003b; Coddington et al. 2004; Prendini and Wheeler 2005; Lourenço and Goodman 2006) . According to the alternative hypothesis, first proposed by Stockwell (1989) , but also obtained in some analyses by Prendini (2000) and in a reanalysis of Prendini's (2000) data using alternative character interpretations by , Heteroscorpionidae is sister to (Hemiscorpiidae + Liochelidae), whereas Urodacidae is sister to (Diplocentridae + Scorpionidae). The latter hypothesis was not retrieved in the present analyses and, judging from its character combination and phylogenetic position, the new taxon has increased support for the (Heteroscorpionidae + Urodacidae) sister-group hypothesis first proposed by Prendini (2000) . In light of the analytical results, we are confident in creating the second urodacid genus, Aops, to accommodate it. 
Diagnosis
Aops is most closely related to Urodacus. Both genera share the following combination of character states: cheliceral movable finger with distal external and distal internal teeth subequal to unequal, distal external tooth smaller than distal internal tooth, not closely, or at most moderately, opposed; pedipalp patella with anterior process obsolete; trichobothria ib and it located basally on pedipalp chela fixed finger; db located on dorsal surface of fixed finger; Dt located basally on dorsal surface of manus; Db located basally on external surface of pedipalp chela manus; accessory trichobothria present in e and v series of patella, and in E and V series of chela manus; telotarsi without ventromedian row of spinules or spiniform macrosetae; aculeus long, shallowly curved; nongranular surfaces of prosoma, mesosoma, metasoma and legs smooth. Aops is readily separated from Urodacus on the basis of its highly troglomorphic appearance. This species is the only known eyeless member of Urodacidae. Additional autapomorphic character states are as follows: carapacial sutures absent; basitarsi I and II without a retrolateral row of spiniform or setiform macrosetae; laterodistal lobes of telotarsi I-IV truncated; ventrosubmedian macrosetae of telotarsi slender, subspiniform, unlike the stout spiniform macrosetae of Urodacus; metasomal carinae obsolete to absent on all segments; pigmentation completely absent.
The holotype of Aops is unusual in displaying one subdistal tooth on the movable finger of the left chelicera and two subdistal teeth on the movable finger of the right chelicera. Although the condition of the left chelicera conforms with Urodacus and other katoikogenic scorpionoid taxa, additional specimens are required to determine which expression of this character state is fixed in the species. The polymorphic expression of this character within individuals has also been observed in Belisarius xambeui Simon, a troglomorphic scorpion from the Pyrenees of France and Spain, and Stockwell (1989: 89) suggested that it might be correlated with troglobitic adaptations. In the superstitioniid subfamily Typhlochactinae Mitchell, endemic to México, four troglomorphic species, Sotanochactas elliotti (Mitchell) , Typhlochactas cavicola
Francke, T. granulosus Sissom and Cokendolpher and T. sylvestris Mitchell and Peck exhibit a single subdistal tooth, whereas two species, T. reddelli Mitchell and T. rhodesi
Mitchell exhibit two subdistal teeth, again suggesting that this might be correlated with troglomorphism (Sissom and Cokendolpher 1998; Soleglad and Fet 2003b) .
Etymology
The name is formed by the Greek prefix a [not; without or negative] and ops [eye] , and describes the absence of eyes in the type species.
Aops oncodactylus, sp. nov. 
Masterial examined
Carapace
Anterior margin with well developed median notch and rounded frontal lobes (Fig. 8) . Posterolateral margins subparallel. Anteromedian sulcus broad and shallow, anteriorly bifurcated. Paired median lateral and posterolateral sulci obsolete to absent. Posteromedian sulcus distinct, shallow, restricted to posterior depression. Posteromarginal sulcus distinct, shallow. Sutures absent. Median and lateral ocelli absent. Entire surface smooth, without granulation and punctation.
Mesosoma
Tergites smooth, flat, each with paired submedian depressions; I-VI acarinate, but VII with pair of weakly granular submedian carinae. Sternites entirely smooth, acarinate.
Aops oncodactylus, gen. et sp. nov., the first troglobitic urodacid scorpion 
Metasoma and telson
Metasomal segments I-V progressively increasing in length, segment V 60% longer than segment I (Figs 2, 3 ; Table 5 ). Metasoma slender, width 97% of length for segment I; 80% for II; 60% for III; 53% for IV; and 29% for V. Metasoma short, total length 15% greater than combined length of prosoma and mesosoma. Two carinae on segment I, six carinae on segments II-IV, no carinae on segment V (Figs 23, 24) . Dorsomedian furrow absent. Dorsal carinae weak, costate, restricted to posterior third of segments I and II; weak, granular, restricted to posterior third of segments III and IV; absent on segment V; not terminating distally in an enlarged, spiniform granule. Dorsolateral carinae weak, costate, restricted to posterior third of segments I and II; weak, costate, continuous for length of segments III and IV; absent on segment V. Lateral carinae restricted to a low mound basally on segment I, absent on segments II-V. Ventrolateral carinae weak to obsolete, costate, continuous for length of segments II-IV; absent on segments I and V. Ventral or ventromedian carinae absent on segments I-V. All intercarinal surfaces smooth. Telson vesicle slightly elongate, oval in shape, with flattened dorsal surface and curved ventral surface (Fig. 25) , height 26% of length, not laterally compressed; without anterodorsal lateral lobes, furrows or carinae; surface smooth, sparsely and evenly covered in macrosetae; venom glands presumably folded. Aculeus short and stout, 34% of vesicle length, shallowly curved; subaculear tubercle absent.
Chelicerae
Cheliceral teeth without secondary serrations. Movable finger with distal external and distal internal teeth subequal, distal external tooth smaller than distal internal tooth, and moderately opposed (Fig. 10) ; movable finger of left chelicera with one subdistal tooth, of right chelicera with two subdistal teeth.Ventral aspect of fingers and manus with dense vestiture of long macrosetae.
Pedipalps
Coxa ventrointernal margin smooth. Femur length 67% greater than width (Table 5) ; dorsoexternal, dorsointernal, and ventrointernal carinae weak, granular, all other carinae absent or obsolete; intercarinal surfaces smooth, granulation and punctation absent. length 69% greater than width (Table 5) ; dorsointernal carina weak, smooth, all other carinae absent or obsolete; anterior process weakly developed, dorsointernal and ventrointernal tubercles similar in size; intercarinal surfaces smooth, without granulation and punctation. Chela manus length along ventroexternal carina 42% greater than chela width (Table 5) ; manus width 15% greater than height; length of movable finger 19% greater than manus length along ventroexternal carina; dorsal secondary carina weak, costate, extending full way across dorsal surface of manus; subdigital carina vestigial, reduced to a low mound basally on manus; digital carina weak, costate; dorsomarginal carina weak, granular; external secondary carina absent; ventroexternal carina weak, costate, parallel to longitudinal axis of chela, with distal edge directed towards a point between external and internal movable finger condyles, but closer to external condyle; ventromedian carina vestigial, reduced to a low mound, basally; ventrointernal carina stronger than ventromedian and internomedian carinae, although indicated only by change in angle of ventral surface of manus; internomedian carina and dorsointernal carinae absent; all intercarinal surfaces smooth, without granulation and punctation. Chela fingers (Fig. 19) with multiple primary rows of denticles in median two thirds and a single row basally and distally; lateral internal and external granules barely noticeable, only slightly larger and more laterally situated than primary rows; finger margins not scalloped and without sculpturing; fixed finger with a diastema and well developed hook distally; movable finger without lobe and notch basally, but with a small hook distally.
Trichobothria
Pedipalps type C, neobothriotaxic major, with accessory trichobothria in the v and e series of the patella, and the V and E series of the chela. Total number of trichobothria per pedipalp, 65: femur, 3 (1 d; 1 i; 1 e) , patella, 30 (2 d; 1 i; 6 v; 21 e) and chela, 32 (22 on manus, including 14 E and 6 V). Pedipalp femur (Figs 12, 13) with trichobothrium i located basally on dorsointernal surface; d and e located basally on dorsoexternal surface. Pedipalp patella (Figs 15-18 ) with trichobothrium d 1 located basally on dorsal surface, external to dorsointernal carina; d 2 located medially on dorsal surface, between internal tubercle and i; i located dorsally in distal half of internal surface. Pedipalp chela with trichobothria ib and it located basally on fixed finger; db located on dorsal surface at base of fixed finger; dsb located on dorsoexternal surface in basal half of fixed finger; dst located on dorsoexternal surface, medially on fixed finger, closer to dt than to dsb; dt located on dorsointernal surface in distal half of fixed finger; eb located in basal half of fixed finger, between dsb and db; esb located in basal half of fixed finger, between dst and dsb, level with eb-est-et axis; est located in distal half of fixed finger, between dst and dt; et located in distal half of fixed finger, distal to dt; Dt located basally on dorsal surface of manus; Db located basally on external surface of manus; Est located distally on manus; Et 1 and Et 2 located on external surface of manus. Trichobothrial sulci absent.
Legs
All leg surfaces smooth, without granulation, and almost asetose. Tibiae and basitarsi terete, not dorsoventrally compressed, each with a few scattered spiniform macrosetae on prolateral and retrolateral margins, not arranged into a comb-like row. Telotarsi each with paired ventral rows of subspiniform macrosetae, but without a ventromedian row of spinules or spiniform macrosetae; counts of macrosetae in the pro-and retrolateral rows, 5/6 for telotarsi I and II, 5-6/6-7 for III, and 6/7 for IV, respectively. Telotarsal laterodistal lobes truncated (Fig. 11) . Telotarsal ungues short, distinctly curved, and of equal length. Prolateral pedal spurs present. Retrolateral pedal spurs absent.
Coxosternum
Coxapophysis I anterior margin nongranular, expanded and subtriangular, external side fused to anterior of coxa I (Fig. 3) . Coxapophysis II ventral margin fused to anterior of coxa II. Sternum type 2, subpentagonal, longer than wide; with pit opening posteriorly (margin absent).
Pectines
First basal median lamella of each pecten with mesal margin subtriangular, pectinal teeth present along entire posterior margin (Fig. 9 ). Left and right tooth counts, six and five respectively. Pectinal teeth with very large sensory papillae.
Genital operculum Suboval, genital opercula (&) fused.
Female reproductive anatomy and male hemispermatophore Unknown.
Embryonic development
Unknown, probably katoikogenic.
Distribution
Known only from the type locality, Ledge Cave on Barrow Island, off the north-western coast of Western Australia (Fig. 1) .
Ecology
On the basis of tarsal morphology, elongation of the legs and pedipalps, and limited dorsoventral compression, the new species appears to be lapidicolous, sheltering under stones or in crevices (Prendini 2001a) . Unlike Urodacus, Aops is probably unable to burrow for it lacks the typical rows of spiniform or subspiniform macrosetae along the retrolateral margins of the tibiae and basitarsi of legs I and II, as well as the characteristic dorsoventral compression of these leg segments, that are observed in most Urodacus. The slender subspiniform macrosetae on the telotarsi, which differ from the stout spiniform macrosetae observed in most Urodacus, also appear unsuited for burrowing.
Conservation
As the only known troglobitic scorpion from continental Australia, the only known troglobitic urodacid, and apparently the most basal member of the family Urodacidae, A. oncodactylus is an important element of Australian biodiversity and one in need of protection. The species is known only from Barrow Island, much of which is currently exploited for oil (Humphreys 2001) . Further development to process natural gas is underway. Barrow Island is an 'A class' reserve, receiving the highest 'protection' status available in Western Australia; however, this has not prevented exploitation of the island for fossil fuels, a landuse practice that could threaten the future existence of this unique species and its cave habitat. We recommend that A. oncodactylus be assigned to the Critically Endangered category of the IUCN (2001) Red List, based on the following criteria: B1ab(i,ii,iii,iv)+2ab (i,ii,iii,iv) . It is known to exist only at a single locality, the extent of occurrence is less than 100 km 2 , and the area of occupancy less than 10 km 2 . A continuing decline is observed, inferred and projected in the extent of occurrence, the area of occupancy, the area, extent and quality of habitat, and the number of localities. We hope that this recommendation will draw the attention of relevant conservation authorities to the importance of conserving A. oncodactylus and, by implication, its cave habitat on Barrow Island.
Etymology
The specific name is derived from the Greek words onkos [hook] , and daktylos [finger] (Brown 1956) , and describes the markedly hooked distal ends of the pedipalp chela fixed fingers (Fig. 19 ).
Discussion
Defining troglobitism and troglomorphism
Troglobites are generally defined as organisms that are restricted to deep cave environments (Howarth 1972 (Howarth , 1983 Humphreys 2000a) . Troglobites are thus defined strictly by their habitat and the term troglobitic may be regarded as synonymous with cavernicolous. Troglobites also exhibit pronounced troglomorphies, specific ecomorphological adaptations to cavernicolous habitats that include the loss (or reduction) of eyes and pigmentation, attenuation of the appendages, and thinning of the cuticle (Poulson 1963; Hamilton-Smith 1967; Barr 1968; Howarth 1982 Howarth , 1983 Howarth , 1993 Barr and Holsinger 1985; Humphreys 2000a ). The evolution of troglomorphies has been largely attributed to the unusual characteristics of cave environments: extremely stable temperature, very high humidity, absolute and continuous darkness, and limited energy (food) availability (Barr 1968; Poulson and White 1969; Howarth 1982 Howarth , 1983 , Parzefall 1985 . Cavernicolous environments select for the loss of characters that are both unnecessary and costly to produce or maintain (e.g. eyes, pigmentation, thickened cuticle), and the accentuation of characters that assist in resource-location or compensate for the unnecessary characters that have been lost (e.g. attenuated appendages, reduced metabolic rate). Troglobitic scorpions exhibit various troglomorphies, particularly reduction or loss of median ocelli, lateral ocelli, pigmentation and sclerotisation, attenuation of the appendages, and loss of the pro-and retrolateral pedal spurs, respectively observed in 20 (95%), 17 (81%), 20 (95%), 20 (95%), 4 (19%) and 11 (52%) of the 21 unequivocally troglobitic species listed in Table 1 . Another troglomorphy, uniquely observed in 12 (57%) of these species, is the enlargement of the telson vesicle. Volschenk et al. (2001) noted that the vesicle of L. polisorum Volschenk et al. was significantly larger, in proportion to its body size, than that of other Liocheles Sundevall species, and suggested that the increased size might be caused by enlargement of the venom glands for maximising prey capture-efficiency in a resourcelimited environment.
Troglobitic versus troglomorphic scorpions
We believe it is important to draw a distinction between scorpions that are cavernicolous and scorpions that are troglomorphic, and to restrict the definition of troglobitic scorpions to those species that are both restricted to cavernicolous habitats and exhibit pronounced troglomorphies. At least three highly troglomorphic scorpion species have not been recorded from cavernicolous habitats per se. Belisarius xambeui, endemic to the Pyrenees of France and Spain, is eyeless and partially depigmented, displays a weakly sclerotised cuticle, and an enlarged telson vesicle. This species inhabits limestone caves and leaf litter in montane forests (Jeannel and Racovitza 1912 , 1914 , 1918 Jeannel 1926; Auber 1959) . Typhlochactas mitchelli and T. sylvestris, endemic to leaf litter in the montane forests of Oaxaca, south-eastern México (Mitchell and Peck 1977; Sissom 1988) , are eyeless, completely depigmented, and weakly sclerotised. These endogean Typhlochactas Mitchell species are morphologically similar to their hypogean counterparts, known from caves in eastern México (Mitchell 1968 (Mitchell , 1971 Francke 1982 Francke , 1986 Sissom and Cokendolpher 1998) . Belisarius Simon and the Typhlochactas species demonstrate that the presence of troglomorphies does not necessarily predict the occurrence in cavernicolous habitats.
Several scorpion species, recorded only from caves, do not possess pronounced troglomorphies (Table 1) . Either these species have only recently been isolated in cavernicolous habitats and have not yet evolved troglomorphies, or they are troglophiles for which epigean records are presently absent. For example, Tityus demangei, recorded from the transitional zone (cave entrance) to the deep cave zone of the Los Tayos Caves, Ecuador, possesses no troglomorphies whatsoever (Lourenço 1981) . Troglotityobuthus gracilis, known only from the holotype collected in Grotte de Fanihys (Cave de la Chauve Souris), Madagascar, is weakly pigmented and possesses attenuated appendages. Although Lourenço (2000) based his diagnosis of this genus on these characters, together with its occurrence in a cavernicolous habitat, more data on its ecology are required to verify that it is an obligate cavernicole. Many epigean buthids possess attenuated appendages and pale pigmentation, e.g. Isometrus maculatus (DeGeer) and Uroplectes schlechteri Purcell. Such characters, in isolation, cannot be regarded as evidence of troglomorphism.
Other similar examples of scorpions that have been deemed troglobitic, but that fail to meet one or both of the abovementioned criteria (i.e. they are not restricted to cavernicolous habitats and/or they do not exhibit pronounced troglomorphies), are listed in Table 1 . Only 21 species, in 14 genera and nine families, worldwide, meet both criteria and can be considered unequivocally troglobitic (Table 1) .
Taxonomic and geographical distribution of troglobitic scorpions
The majority of instances of troglomorphism in scorpions represent isolated evolutionary events within families or genera. Fewer than five troglobites are recorded from each of the following 'non-buthid' families (Coddington et al. 2004) , and represent a small fraction of the species contained in them: Chaerilidae Pocock (10%), Diplocentridae Karsch (4%), Euscorpiidae Laurie (14%), Liochelidae Fet and Bechly (2%), Urodacidae Pocock (5%), and Vaejovidae Thorell (2%; Table 1 ). Superstitioniidae Stahnke, composed predominantly of troglobitic species (67%), is a notable exception. A single troglobitic species is contained in each of two recently proposed nonbuthid families of uncertain validity -the monotypic Akravidae Levy and Troglotayosicidae Lourenço, comprising two species. The three troglobitic diplocentrids occur in the genus Diplocentrus Peters. Several diverse non-buthid families, e.g. Bothriuridae Simon, Iuridae Thorell and Scorpionidae Latreille, contain no troglobitic species.
The paucity of troglobites in Buthidae C. L. Koch, accounting for approximately half of all scorpion species (Fet and Lowe 2000; Coddington et al. 2004) , is remarkable. Three buthids, representing less than 1% of the species in this diverse family, are alleged to be troglobitic (Table 1) . Only one of those, Troglorhopalurus Lourenço, exhibits unequivocal troglomorphies, however.
The geographical distribution of troglobitic scorpions is also extremely asymmetrical. Sixteen (76%) troglobitic scorpions occur in the New World, thirteen (62%) of which are endemic to México. Old World troglobites occur in the Middle East, southeast Asia, and Australasia. No troglobitic (or troglomorphic) scorpions have been recorded from Africa.
The reasons for the observed asymmetries in the taxonomic and geographical distribution of troglobitic scorpions can only be speculated about. Some lineages appear to be preadapted for a hypogean existence whereas others do not. Broad differences in lifestyle or habitat requirements may explain why there are few troglobites in the Buthidae, a family that occurs worldwide and accounts for approximately half of all scorpion species, compared with the non-buthid families, also collectively distributed worldwide, and making up the other half of scorpion diversity.
Evolution of troglobitic scorpions
Historical differences, e.g. extinction, may also account for the observed asymmetries, especially for explaining the diverse Mexican troglobite scorpion fauna. The evolution of troglobites is often considered unidirectional: reversal, i.e. the recolonisation of endogean habitats by hypogean taxa, is prevented through competitive exclusion by species already occupying, and better adapted to those habitats (Conway Morris 1995). Humphreys (2000b) proposed that hypogean species may be able to recolonise epigean and endogean habitats when all potential competitors are removed, and speculated about the existence of epigean and endogean species with hypogean ancestry in the Caribbean region. Epigean and endogean competitors from southern North America, Central America, and northern South America would have been largely eliminated by the thermal pulse following the Chicxulub impact in the Yucatán Peninsula (Hilderbrand 1993) at the end of the Cretaceous (c. 65 Mya BP). Some deep cave habitats would probably have been spared the widespread destruction of surface habitats, providing a refuge for taxa that may have had epigean and/or endogean relatives before the impact. The unique troglobitic scorpion fauna of México, including four endemic genera (Alacran Francke, Sotanochactas Francke, Troglocormus Francke and Typhlochactas) that are distantly related to most of the epigean scorpion fauna (thought to be the result of relatively recent radiations) of the region, may represent hypogean relicts of formerly epigean and/or endogean lineages that survived the Chicxulub impact.
According to such a scenario, the endogean T. mitchelli and T. sylvestris may, in turn, be examples of the recolonisation of endogean environments by hypogean taxa. Both endogean Typhlochactas species are morphologically similar to their hypogean counterparts, being eyeless, completely depigmented, and weakly sclerotised, yet they inhabit montane forest litter, not caves (Mitchell and Peck 1977) . Mitchell and Peck (1977) suggested that the troglomorphies of T. sylvestris developed in association with its humicolous habitat, but preadapted it for cave life, leading to the subsequent colonisation of cavernicolous habitats and the evolution of troglobitic Typhlochactas species. With the exception of B. xambeui, all other humicolous scorpions are pigmented and possess well developed ocelli (Lamoral 1976; Lourenço 1998a Lourenço , 1998b Lourenço , 2003 . It therefore seems more plausible that the ancestors of T. mitchelli and T. sylvestris were troglobites that recolonised the endogean environment. This hypothesis awaits rigorous testing using modern cladistic methods, a complete taxon sample of Typhlochactas and additional characters. It is, however, supported in part by the terminal placement of T. sylvestris, relative to Alacran, Sotanochactas, and two of the troglobitic species of Typhlochactas (T. reddelli and T. rhodesi), in Francke's (1982) manually generated cladogram of the species and characters known at the time. A basal placement for the endogean species would be required to support the hypothesis of Mitchell and Peck (1977) .
Belisarius xambeui is the only other eyeless humicolous scorpion but its evolution is more difficult to explain, for several reasons. Unlike T. mitchelli and T. sylvestris, Belisarius is recorded from both endogean and hypogean environments (Auber 1959) . Furthermore, it is monotypic and its phylogenetic placement within the chactoid lineage remains contestable (Stockwell 1989; Lourenço 1998a; Sissom and Cokendolpher 1998; Fet and Sissom 2000; Soleglad and Sissom 2001; Soleglad and Fet 2003b; Coddington et al. 2004) .
